Porous anodic aluminum oxide (AAO) is deposited on a 5 cm × 5 cm tin-doped indium oxide (ITO)/glass substrate, and the AAO/ITO/glass structure thus formed is used to reduce the amount of unreacted Al inside the AAO template, thereby reducing the transmittance of the AAO/glass structure. The enhancement of transmittance is achieved by modulating the diameter of the pores and varying the applied bias. The proposed AAO can be used at a high applied bias (up to 120 V) to improve the uniformity of the current density. Following pore-widening treatment and posttreatment annealing, the morphologies and transmittance of the AAO/ITO/glass structure were also investigated.
Introduction
Nanoporous anodic aluminum oxide (AAO) has become a commonly used material with potential applications in a wide range of areas, such as catalysis, electronics, photonics, and sensing. Owing to their regular structures and narrow size distributions of pore diameters and interpore spacings, porous alumina membranes are used in the fabrication of nanometer-scale composites [1] [2] [3] . AAO is optically transparent, electrically insulating, and mechanically robust; it is the most suitable template for nanomaterial fabrication because of its simple, intrinsically anisotropic, and self-organized porous morphology. The diameter of the pores, the pore density, and the length of the AAO template can be controlled by varying process parameters such as operating voltage, type of electrolyte acids, temperature or concentration of the electrolyte solution, and oxidation time [4] [5] [6] .
The AAO method offers two main advantages. First, the fabrication of an AAO template is cost-effective and easily controlled; it yields a high aspect ratio and highly uniform pore sizes. The AAO process is better than other conventional template fabrication methods, such as atomic layer deposition [7] , focused ion-beam etching [8] , and scanning probe-based nanolithography. These methods are time-consuming and uneconomical and cannot be used for large-area fabrication. Additionally, the arrangement of the pores that are formed using the traditional anodization method is highly disordered. Second, the roughness of an AZO film that is deposited on an AAO nanostructure [9, 10] can be increased by increasing the pore diameter of the AAO film, to improve light transmittance. Based on the aforementioned advantages, the nanoporous anodic alumina has great potential for use in optoelectronic devices, including thin film solar cells and light-emitting diodes. Chu et al. [11] proposed an improved method for fabricating a transparent porous alumina nanostructure; they formed it on a glass covered tin-doped indium oxide (ITO) substrate by the anodization of a sputtered aluminum (Al) layer. The ITO film was used as a conductive layer to convert the entire Al to alumina. Porous materials can be used as templates in the fabrication of various nanostructures (oxides and metals) on glass, for use in photocatalysis, dye-sensitive photocells, solar energy utilization, and so on.
This work demonstrates an AAO structure and an AAO/ ITO structure on 5 cm × 5 cm glass substrates. The AAO/ITO structure is more suitable for use in optoelectronic devices owing to its improved light transmittance in the nearinfrared region, based on the optical transmittance of the AAO/ITO/glass structure following pore-widening treatment and posttreatment annealing. Posttreatment annealing reduces the density of defects that arise from the chemical anodic reaction and make the surface of the anodic alumina much denser and of higher quality.
Experimental
Based on previous investigations, obtaining pores with large diameters in an AAO nanostructure is difficult if only a single Al film is used as the anodizing layer. Therefore, in this work, another layer is firstly deposited on the glass substrate. Two kinds of structures are formed in this experiment. One is the Al/glass structure that is formed by depositing an Al film that is deposited on a glass substrate. The other is the Al/ITO/glass structure, which is formed by depositing an Al film on glass that has been coated with an ITO film.
After the AAO and pore-widening processes, the samples with pores of various sizes in the anodic alumina structure are observed using a scanning electron microscope (SEM) (JEOL JSM-6700F). The transmittances of the AAO/glass and AAO/ITO/glass structures were measured using a UVVis-NIR spectrophotometer (Hitachi U-4100) at wavelengths from 300 nm to 1100 nm. Following pore-widening treatment and posttreatment annealing, the morphology and optical transmittance of AAO/glass and AAO/ITO/glass structures were obtained. Figure 1 schematically depicts the experimental setup for anodic oxidation. A power supply and the material of the cathode are required. However, the cathode does not participate in the oxidation process; therefore, a stable material that does not easily react is required. In this work, the cathode is made of stainless steel; the anode is the sample. The sample is placed vertically in the electrolyte such that it faces the stainless steel cathode. A beaker is utilized as a holder in the anodic oxidation experiment and its use ensures that electric field is uniform. The electrolyte is 0.3 M phosphoric acid (H 3 PO 4 ). A stirrer is placed in a beaker to ensure uniformity of concentration of the electrolyte during the reaction process. The beaker is put inside a cooling system, which is controlled by a bath circulator at a constant temperature. Figure 2 shows the procedure for fabricating the AAO template, which was utilized to produce the orderly array of pores.
The first step is the use of acetone solvent to remove organic contamination from the glass substrate ultrasonically for 5 minutes. The second step is the use of methanol as a solvent to remove acetone residue from the glass substrate ultrasonically for 5 minutes. The third step is the use of DI water to remove residual methanol from the glass substrates ultrasonically for 10 minutes, followed by drying using nitrogen gas.
A 200 nm thick Al film was deposited on 5 cm × 5 cm glass substrates to form sample A and on 5 cm × 5 cm glass substrates that were coated with an ITO film (ITO thickness ≅ 120 nm, ITO resistance ≅ 15 Ω/◻) to form sample B; a DC magnetron sputtering system with a power density of 3 kW was used. Next, sample A with the Al/glass structure were anodized using various parameters-0.1-0.6 M H 3 PO 4 ,
5-35
∘ C and 20-60 V; sample B with the Al/ITO/glass structure were anodized in 0.3 M H 3 PO 4 at 3 ∘ C at 20-120 V. A porous alumina structure was then formed on the glass substrate. Following anodic oxidation, samples A and B were immersed in a 6 wt% H 3 PO 4 solution at 30 ∘ C with lower anodic oxidation voltages (20-60 V); sample B were immersed in a 6 wt% H 3 PO 4 solution at 45 ∘ C with higher anodic oxidation voltages (80-120 V). Etching with H 3 PO 4 enlarged the pores and removed the barrier layer. After the pores had been widened, samples A and B were annealed in the ambient atmosphere at 520 ∘ C for 9 min to make the residual Al to convert them to alumina.
Results and Discussion

Fabricating AAO under Various Anodization Conditions
Concentration of Electrolyte.
The rate of pore growth is generally related to the concentration of hydrogen ions. The reaction rate increases linearly with concentration, accelerating the dissolution of the alumina film, slowing its growth rate, and reducing its hardness. According to the experience, the barrier layer and porous oxide films are not conductive. Therefore, the volume of pores becomes a higher proportion; the equivalent resistance decreases. Sample A with the Al/glass structure were anodized at 25 ∘ C at 30 V. Figure 3 presents the SEM morphologies of AAO films at 0.1-0.6 M H 3 PO 4 following pore-widening treatment. The diameter of the pores slightly increased with the concentration, as shown in Figure 4 ; regularity of the shape of the pores also increased. In Figure 4 , the pore diameter increases with the concentration of the solution from 0.1 to 0.4 M; the anodic reaction is suspected to have become saturated at a concentration of 0.4 M, before the concentration reached its final value of 0.6 M. The pore diameter that was obtained at 0.5 M is suspected to be the deviation from measurement or inaccurate sample.
Reaction Temperature.
The effect of reaction temperature is similar to the concentration of electrolyte in the anodic oxidation for growing alumina films. Therefore, when the Al is anodized, the temperature of the electrolyte must be strictly controlled; a low-temperature circulatory system is generally used to keep the temperature of the electrolyte at a fixed value, ensuring that the obtained alumina films have high quality. Under constant current conditions, the thickness of the oxide layer is proportional to the charge accumulation. The formation of oxide thickness should maintain identically, but the higher operating temperature increases the erosive rate of the alumina by the acid solution. Therefore, the pores in the alumina become large, so the equivalent resistance is reduced. Figure 5 shows the SEM top-view morphology of AAO films that were anodized using 0.3 M H 3 PO 4 at 30 V at 5-35 ∘ C and then underwent pore-widening treatment. The diameter of the pores in the AAO films did not increase significantly with the reaction temperature, as shown in Figure 6 . However, the reaction rate increased with the reaction temperature, because if the current density is too high, then thermal effect increases the temperature of the electrolyte, accelerating the dissolution of the alumina films.
Applied Voltage.
The anodizing voltage is varied to yield pores with various diameters in the AAO template. Sample B with the Al/ITO/glass structure were anodized using 0.3 M H 3 PO 4 at 3 ∘ C. After the pore-widening treatment at 80-120 V, the SEM morphologies of the AAO films were obtained, as shown in Figure 7 . The average pore diameter increased from 155 nm to 225 nm as the bias voltage increased from 80 V to 120 V, as plotted in Figure 8 . The bias voltage significantly affected the diameter and regularity of the shape of the pores in the AAO films. Therefore, nanopore size increased with operating voltage, and pore diameter was linearly proportional to the applied voltage.
Analysis of Optical Properties
AAO/Glass
Structure. In fact, the anodic oxidation reaction proceeded strongly at the interface between acid solution and Al film resulting in the beginning of oxidation, and the newly formed porous alumina cut off the conductive path to the contact point, leaving a small amount of unreacted Al as isolated islands inside the sample [12] . The rate of conversion of Al to alumina is proportional to the bias voltage, so the amount of Al converted to alumina also increases with the bias voltage. However, once the anodic Journal of Nanomaterials oxidation was stopped early, the quantity of unreacted Al increases. Hence, the average transmittance of AAO film decreases as the bias voltage increases. The average transmittance of AAO/glass decreases from 93% to 72% as the bias voltage increases from 20 V to 60 V for wavelength from 450 nm to 1100 nm after posttreatment annealing, as shown in Figure 9 . The average transmittance of the AAO film at various bias voltages increased greatly because the unreacted Al is converted to alumina by the posttreatment annealing [13] . Despite the fact that the transmittance of AAO is increased by the posttreatment annealing, not all of the residual Al can be converted to alumina. The average transmittance of the AAO film at 60 V is less than 75% at a wavelength of 550 nm. Therefore, the amount of unreacted Al is a problem when the AAO process is performed at a high bias voltage.
AAO/ITO/Glass
Structure. In Figure 10 , the transmittance of the AAO films on the ITO conductive layers at various voltages from 20 V to 120 V after posttreatment annealing is compared with that of the as-grown ITO/glass structure. The average transmittance of the sample with the porous anodic structure at a wavelength of 550 nm exceeds 85% at bias voltages from 20 V to 120 V and exceeds that of the as-grown ITO/glass substrate, especially at wavelengths from 600 nm to 1100 nm, because adding the ITO conductive layer to the interface between the glass and the Al film increases the duration of conversion of Al to alumina. The decrease in the number of free electrons that are generated by intrinsic vacancies in the as-grown ITO film is argued to inhibit the absorption of free carriers by the ITO film, so that the transmittance of the ITO film with the AAO structure is more strongly enhanced than that of the as-grown ITO film without the AAO structure. Since the ITO conductive layer also reacts very strongly at the interface between the acid solution and Al film, the anodic oxidation stops quickly. Hence, the anodic oxidation reaction proceeds very strongly at high voltage, so the average transmittance decreases as bias voltage increases to 120 V at wavelengths from 600 nm to 1100 nm. The above trend is similar to that of large scale (20 cm × 20 cm) AAO/ITO/glass structure [14] . Therefore, this periodic structure can serve as an optical trap in photovoltaic applications or enhance light extraction in light-emitting diodes as dielectric characteristics modulate the refractive index. Moreover, this AAO template can potentially be used for passivation in crystalline silicon solar cells owing to its native charges. 
Conclusion
The study of porous anodic alumina on a 5 cm × 5 cm ITO/glass substrate was demonstrated. The AAO/ITO/glass structure was used to solve the problem of unreacted Al inside the AAO template, which reduces the average transmittance in the AAO/glass structure. The enhancement of transmittance was observed by varying the diameter of pores and applying various biases. Pore-widening treatment and posttreatment annealing enhanced the optical transmittance of the AAO/ITO/glass structure in the near-infrared range.
Journal of Nanomaterials The results thus obtained indicate that the AAO/ITO/glass structure has great potential for use in optoelectronic devices.
